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riir ^(MUis Dralm irulutlcs altout '5.">0 s|HHit's (lislril)iilf(l [)rirnar'il\ in ihr Nfulln-tti Ilt'iiiispliere, witli some 80 species

in Suulli and Ct-nlial Anu-iica. Alllioii^h species of Dralm are well di^seribeil niorpliolit^ieallv. llie existing seelional

classiliealion is liiglily eoiilroversial. American taxa exiiihil enormous morpliolo^ical (lificrcnc(;s e\en among species of

iIk' sam<' s<'clion. We tested the li\polliesis lliat \arialion accumnlat<Ml dniing migration and differentiation of American

DrtjhiL The present |>li\ logenetie stnd\ is based on analyses of di<' ITS (inlernal lianserihed spacer) regions of tlie

niicl<'ar lihosoiual DNA and llie < Idoroplast ///d.-intron and spacer" se<piences fmrn 72 American Dnihit taxa and (>

Kuroju'an Draha species. Results suggt\sl that some intrag<'ncrie groupings i-onespond [)rlmaill\ to pli\ togeograpliy,

and that (»nl\ to a small degree do these findings agree with previous seeti(tnal classilicatlon. Differences hi-tween ITS-

and ///d. -derived ph\ logcMiies suggest e\tensi\e genetic contact may ha\(* existed l)et\ve<*n some of the groups or sections

and that this disjiUK tioii hetvseen Kuro[)ean and American Drtiha is demonstrat*^] hv ITS se(]u<Mice data. Plastid l)\A
sei|nern('s suggest thai the "Kur<tf>ean" plaslonu- t\[»cs may he ukmc vvidel) thslrihuted among \]\v Americarr Dnihn
species, |)crlurps llnough mulli|>le transmissions of Kurasian chloroplasl t)p(\s into American Draha. Additi(»nal s)s-

tematie analysis dernonstrales that the genus Frophila has to he integrated into Dralm. Anal}sis on the tribal le\cl

reveals the entire Dralm comph*\ to b<' close to Kinopean Arahis and Xnhrn'la, The data [wovide additiofial support for

previous assimi|)tIons that the existing tribal classilicati(»ns of tlie Brassicaceae arc mostly artificial and that the seg-

ri'galion o( Dralm and Arahis into separate tribes oi- subtribes does not accurately rcllecl their ph\logenetic relationship.

Kry wonts: nrassicaceae, Dralm, Erophila, molecular- systematics, reticrrlate evtilulion.

The wide oceiirrrnce of polvploid) in vascular 1999; Ri<*selH'rg & Linder, 1999; Lair<'rcrant/,

|danls rennets its importance to plant spoliation. 1998; Kowalski et al., 1991). In their coniparalivc

The origin of [»oly[)loids and the nict'hanisni& Ije- genonn^ analysis o( some Brassicaceae, Acarkan el

hind tl le es tahlishnient of newly e\(dv(Ml popnla- al. (2()()()) showed that strnctiiral rearrangonietits

lions and la\a ai'e among the challenging (|ut*slions occurred with a signilicantl) highi'r fre<|ucnc\ in

in plant s<'iences (Kanist^y X S( hernskt*. 1998; polyploid linissira L. than in diploid Ardhidopsis

Th<»mpson X kiimaiet, 1992; l\'til et al., 1999; Sol- thaliana (L.) Ileynli. or Capsclln nthella KiHiter.

lis 4jw Sollis, 1999). New combinations ol (avorable This snggesls that at the structural level a more

getn^s rnay be tiKue easily slabiliz<'d in jxdvploid

taxa, and the permanent coexistence of favorable

traits and chaiaclcrs froiti different parental lines

may he e(f(M'ti\ely pre^stMTcd as fixed heterozygosity iation uj)on whiidi selective j)ressures can then act.

(Sollis & Sollis, 1993). I'hcx' speciation proc<^sscs

dynamic natttre of tlu^ genoitw^ niigbl be sustained

in t)ol)t)loid laxa llian In di[)loid ones, and this

might be a remarkable source for new gem-tic var-

Dniba L. is the largest genus of the niassicaceae

are Inh^gral lo llu* g<^iu'sis and maintenance of plant and in<du<I**s ca. 3.'>0 sp<H'ies, or about K)'^ of tlie

hi(»div(Tsily, Rec(Mit studies of tlie ov(M*all genome famil\ lota! (Al-Shclibaz, 19{{7). 'Y\\c geiujs is (hs-

striulurc ol hybrid and [)ol\[)hMd taxa pioxide new Irlbuled primarily in the Northern Hemisphere, es-

insights about ih*' iKuamlc nature of com{delt > trp- pecially in lh(* subarclic to arctic regions and al-

nonu^s either analyzed on the basis of artificial by- |)ine or movnitainous portions of the lemperale

l)rids or by c(nn|>arativ(^ mapping (Hieseb<Mg et al., regions. Nearly half of th<^ laxa an^ found in the
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New World and about 80 sprcies are dislril)uted in phylogenelic re1ationshii)s wilhin a large {)oly[)loid

Central and South America (Al-Shehbaz, 1987). complex, we examined the sequence variation from

Schulz (1927, 1936) divided the genus into 17 sec- tlie internal transcribed spacer regions (ITS! and

tions (Table I), but Fernakl (1934) criticized this I1^S2) of nrDNA for American species of Dniha

artificial sectional classification largely on its mis- (Baldwin et al., 1995; Campbell et al., 1995), tlie

leading and impractical keys. Further, Tolmachev cp /rnL intron (Taberlet et ah, 1991; Gielly & Ta-

(1939) totally ignored Schulz's sections and recog- beriet, 1994; van Ham et ah, 1994; Koch & Al-

nized 29 series for the 91 species occurring in the Shehbaz, 2000), and the cp IrnL-lniF spacer (Ta-

former Soviet Union. No subsequent botanists have beriet et al., 1991). Hie derived molecular

[)hylogenies were then compared vvilh trathtional

taxa. For European Draba, most authors have fol- concepts based on morj^hological data.

low^ed Walters (1964) who correctly used section

Draba instead of Schulz's section Limcodraba DC, MArKKiALS AND MirrHODs

because section Draba includes the generic type.

A few case studies have investigated the^ phylo-

genetic relationships among some Arctic Scandi-

navian (Brochmatm et ah, 1992a-d, 1993) and al-

attempted to subdivide Draba into infrageneric

IM.AN'r MATFJ^rAL. DNA RXTKACriON, PCK-

AVnM.lKICA'riON, AM) SEQUENCING

Leaf material for UNA extraction was obtained

pin(^ Furopean (Wi(hiier & Baltisberger, 1999a, b) from herbarium specimens (Table 1). DNAwas iso-

species of Draba. Some general aspects ol these lated from 25-50 mg of dri(Ml h^af material using

studies have been previously outlined (Hrochmann, the NucleonPhytoPure Kit (Amersham Lifescience)

1992) and can be summarized as: (1) aUopolyploidy following the instructions of the sup{)lier. DNAwas

is connnon, wath a p(jlyphylelic and poly topic origin stored in 10 niM Tris-ED1^\ buller pH 8.0 at

for some taxa; (2) gene fiow across different ploidy —20°C.

levels is possibh^ and probably occurs in natural Double-stranded DNA of the complete ITS re-

populations; (3) complex evolutionary phylogt^ietic gi<»n, including the 5.8 S rDNA region, was amph-

nelworks have been demonstrated for section Draba fied by 35 1 i 5)y ^D cycles or symmetric WAX usnigPCR ITS

and some species of section Chrysodraba; (4) re- primers initially designed by White et al. (1990)

peated migration and colonization contribute to and modified by Mummenhoff et al. (1997a) for

complex distribution patterns; and (5) not uncx- 1TS4. The PCR profile used to amplif\ the ITS re-

pectedly, items 1 through 4 are substantiated l)y gion followed the following profile: a hot start with

molecular studies with complex patterns of intra- 5 min. at 94°C, and 35 cycles of amplification (1

and interspecific variation observed (Brochrnami et min. 94°C, 45 sec. 38°C, 45 sec. 72''C), final elon-

gation step for 10 min. at 72°C, and storage at 4°C.Baltisberger, 1999a,al., 1992a-d; Widmer &
1999b). Support also exists at morphological, cy- The I8F primer (5'-(XAAGGAGAA(tTCGTA A-

tologicah and ecological levels (Brochmann, 1993; CAACG-3') is located at the 3'-end of the 1P> S

Brochmann et ah, 1993). rDNA gene and primer 25R (5'-TCCTCC(;Crr AT-

Isozyme electrophoresis and DNAanalysis of the TGArAT(]C-3') is located at the 5'-end (»f the 25

S rDNA. PCR products were [)urified using thenuclear and plastid genome have greatly increased

the possibility of detecting and distinguishing alio- Bo(4ninger PCR product {uirificalion kit (Roche

and auto[K)lvploids, to trace {)aternal and maternal Molecular Biochemicals). PCR products s|)anned

genome nneages, ana to document hybridization.li 1 t( the entire ITSl, 5.8 S rDNA, and ITS2 region and

introgression, and reticulate evolution within poly- were cycle-sequcnced directly without cloning us-

ploid complexes. Several polyploid complexes in ing the TiU[ DyeDcoxy Terminator Cycle SecpuMic-

tbe Brassicaceae have been characterized, includ- ing Kit (ABI Ap])li(Ml Biosystems, Inc.) and the 18F

ing those of the genera Microtldaspi F. K. Meyer and 25R primers. Products of the cycle sequt-ncinj r

to

reactions were run on an ABI 377XL aut(»mated

se(juencer.

The //7iL (L'AA) intron was amplified and se-

(juenced by using the universal primers '*c''

(Koch et al., 1998b; Koch & Hurka, 1999), Draba

(Brochmann & Elven, 1992; Brochmann, 1993;

Bro(4miann et ah, 1992a-d, 1993), Cocldearla L.

(Koch et ah, 1998a, 1999b), Yinshania \. C. Ma &
Y. Z. Zhao (Koch & Al-Shehbaz, 2000), Cardamine (B 19317, 5'-CGAAATCGGTAGACGCTACG-30

L. (Franzke et ah, 1998; LIri)anska et ah, 1997), located at the 3'-end of the /77iL(LI AA)5'-exon and

Biscaidla L. (Kr.nig, 1998), Brassica L. and related '\X' (A49855, 5'-GGGGATA(;AGGGACTT(;A AC-

genera (Anderson & Warwick, 1999), and i^asiiir- 3') loc-ated at the 5'-end of the /r//L(UAA)3'-exon

liurn R. Br. (Bleeker et ah, ^

In order to gain a better understanding of the

(lal)erlet et ah, 1991). The PCR profile used to

amplify the trnh intron followed Koch and Al-Sheh-
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baz (2000): a hot slarl with 5 niin. at 94''C. and 35 hand. In adchtion to sequences from American f)ra-

cyeles of ampHfieation (1 min. 94°C, 45 see. 50''C, ba, we included 6 ITS se^quences from Euroi)ean

45 sec. 72°C), a final elongation step for 10 miji. D;r//>a from Widmer and Baltisbcrger (1999ii. Table

at 72°C, and storage at 4°C. PCR products were 1) and 6 se(juences from ,4rr//^/'.s/4f//>/7r/r/ serving as

purified and eyele-scTiuenced as described for ITS oulgroups (Koch et al., 1999a), resuUing in a lolal

analysis using the amplificalion primer c and d. tTiatrix of oO ITS setiuences. Distance analyses were

1'he /r//L(UAA)-/mF{GAA) intergenic spacer was performed w^ith Kimura-2-paramcter (hslanccs us-

amplified using the following primers: the universal ing PHYLIP software package version ,'5. 57c (Fcl-

primer 'V designed by Taberlet et al. (1991) (5'- senstein, 1995). The neighluir-joining algorithm

GCTTCAAGTCCCTCTATCCC-3')and a newly de- was used for tree construction. Bootstiap analysis

signed [)rimer IrnF-lGS-rcv (5'-A(7(iATTTTCAGT- (Felsenslein, 1985) was performed using 1000 rc[i-

CCTCT(iCTC-3'), Amplificatif)n, purification, and licates. For all analyses gaps were coded as missing

sequencing were performed as described fi)r the characters. The parsimony analysis began vviHi a

subset of taxa comprising rej)resentatives from all

[)ut alive clades included in the overall analysis.

This analysis was performed to demonstrate relalive

brancli h^ngth and to estimate additional confidence

parameters. The second data matrix used was iden-

tical in alignm(^nt to the first data matrix. Parsi-

frn\. intron.

t)A'i'A ANALYSIS

no-Turanian and Mediterranean regions. Kecent

Oulgroup .selection. The genus Druba has been

variously })laced into the tribes Alysseae or Dra-

beae (Hayek, 1911; Schuiz, 1936; Janchen, 1912; mon) analysis was performed with unordered Filch

Al-Sbehba/, 1987). However, as pointed out by Al- parsimony using PAUP* 4.0b2 (Swofford, 1999).

Sbelibaz (1987). the Alysseae are a poorly defined The branch-and-bound algorithm was used to find

tribe with about 40 genera (15 monotypic) and maximally parsimonious trees. Bootstrap analysis

some 650 species distributed primarily in the Ira- (Felsenslein, 1985) was performed using 1000 rep-

icates with the bootstrap search algorithm. Decay

molecular studies (l^'iee et al., 1994; Koch et al., analysis (l]remer, 1988) was performed in addition

1999a, 2000, 1999b) clearly indicate that nearly to the bootstrap approach, in order to assess the

confidence that could be placed in the monophvly

ly artificial. Therefi)re, we used the aligned ITS data of clades. Decay indices (Dl) were estimated ac-

set from Koch el al. (1999a) in which tribal slruc- cording to Baum et al. (1994). For all parsimony

tures w(^re analyzed, and taxa from the tribes Fep- analyses gaps vv(^rc coded as missing characters,

idieae, Sisymbrieae, and Arabideae were consid- (ml. intron and spacer data. DNA sequences

rrcd to infer relative [>hylogenetic position of taxa were aligncil by hand using the boundaiies of cod-

all tribal subdivisions of the Brassicaceae are high-

ing regions as anchor points with which to begin

the alignments. We included 8 trnL intron and

under investigation. We added secjuetice data bom
Erophila verna (L.) Chev., D. arahoides Wedd.. /A

ciizoides L., and Cusickiella qiiadricostata (Ixollins) s|)acer sc(|uences from Furopean Dralm CWidmcr
Rollins (accession nos. 110, 84, 103, and 77. re- & Ballisi)erger, 1999b, Table 1) and 67 American

spectively. Table 1) to the alignment deserilxM] by Draha for a total of 75 trnL sequences. Draba cu-

Koeh el al. (1999a). We included (L (ptadricostata neijolia (ace. no. 61), 1). phitycarpa (ai'c. no. 69),

bef^ause it was originally described in Draba, and I), rcptans (ace. no. 72), and D. araboides face. no.

only recently it and D. douglassii A. ijiny were 84), which are only distantly related to remaining

ingrouj) taxa (results (ri>m the ITS analysis), weretransferred to the newlv established Cusickiella

Rollins (Rollins, 1988). Data analysis, distance and used as outgroups. The ancestral position of these

[)arsimony methods, were [)erformed as descriljcd four taxa with respect to the remaining Draba an-

in Koch et al. (1999a) to get comparable results to alyzed hcM'cin was also confirmed by an analysis

this analysis. The results were used to choose an using trn]. intron and //7/L-//7iF s(>acer regions from

a[)j)ropriate outgrouj). Our analysis herein dt^nion- Andns (dpina L. and Aubneta delloidea L. (GeriBank

slrated that the Euro[>ean Arabis F. and Aubrieta accessi(m numbers A\()31180 and AY(X'Mlol, le-

deltoidea (F.) DC. are closer to Draba than Cusick- spectively). Distance analyses were peifonned for the

iella is. Therefi)re, European Arabis {A, alpina, A. total data s(4 as dt^scribed for tlie ITS data. In order

bryoides, A. pumila, A. blej)harophyll(i) iiud Aubrieta to obtain a relative sui)port fi)r branching patterns

deltoidea were selected as outgroups for the lurthcr of re[)resentatives from all putative cladt^s, a subset

ITS study of Draba, Cusickiella was exclud(Ml bom of Dndja taxa was investigated with Fitch parsi-

all further analysis. inony as described (or ITS ajialysis. For this anal-

ITS data. DIN A setiuences were aligned by ysis gaps were coded as adihtional binary (0/1)
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cliaraclrrs. All ^aps (JifTt'ting in l(^ngth and ]u>sili()n Dralxi la\a. European Anihis and Auhrwtd were

were coded as separate hinaiy characters. The dis- used as outgroups, and Cusirkiella has h(M'n ex-

trihnlion of ga[)s aiul its coding can l»e viewed al eluded frcnn all suhsetjuent analysis.

htlp://honiepage.hoku.ae.al/koch/.

Missing (lain. Amplification failed to yield M'S

data for Dralui fnagrllanica (ace. no. 41) and D,

jonillcnsis (ace. no. .%), and !rn\. intron and spacer Hie analysis of j>hylogenelic relationships atnong

data was missing for I), hellardii (ace. no. 7), // ingroup taxa c<»nipris(\s 80 ITS sequences from

spnucaud (ace. no. 9J, 0. psciKhwheinuithoidrs Dnilxi and ErophiUi of which 74 scijuences are

(ace. no. 12), D. crypfunlhd (ace. no. 28), /A Htumo novel. Six ITS sequences fiom Arubis and Auhrirta

(aee. no. IV))^ D, ])trr<)sj>rnn(i (ace. no. 70), and D. were ustnl to root phylogeiu^lic trees as outlitK'd

dcnsifolia (ace. no. 102). For Dndni cariiithidca

(ace. no. 105) and I), slyldds (ace. no. 106) only Is 626 1)|). From 283 bp within the ITSl region,

trn\. inlrini and spatter data were availahle, and for 100 sites were variahle (including Maulapoitiorph-

tlie two ErophUd si)ei"ies n<» plastidic data were ic chang(\s); from 166 hp within the 5.8 S rDNA,

availahle. Data matrices are availahle u()on re(|uesl 11 siU^s were variable (all autaj)omorphIc changes);

or can be vii^wed at http://homepage.boku.ac.al/ and from 177 bp wilhin the ITS2 region, 20 sit(*s

koeh/.

abo\e. The total length of the aligned data matrix

Kksli.is

weri' \ariable (all autapomorphie changes). 'Hiis re-

sults in a total of 68 potentially infonnati\e sites.

Un(H)rrected pairwise sequence distances ranged

uj) to \W( wilhin outgroup taxa (59 nucleotide [)o-

sitions), UJ) to 0.3^ within ingroup taxa (57 miele-

Oiu- reexamination and analysis eombining the otide positions), and up to \2,\V/c among the whole

ITS data matrix (a samphng of .36 FFS sequene<'s data set. Argentinian Dndni fiiuicidosa TTo(»k. f.

olt(;k(»i p si:ii:cTioN am) tiuisai. HKi.ATioNsntrs

characters. From the rtMiiaining 261 variable nu-

from sptH'I(^s across Arabideae, but excluding Drd- (ace. no. 33) was (^xclud(Ml from tlu^se calculalions

})d) b'om Koeh el al. (1999a) with se(]uences addi;d because of an uimsual ITS l\pe that differed mark-

from Kroplidd vvnid, Dnihd dndnndcs, D. dizoides, edly from the remaining Drahd taxa (13.1 t(» 16.60?-

and Cnsickii'Ud (/ididriittsldid (In capital letters, sequence divergence or 82 to 104 nucleotidi' po-

Fig. 1) resulled in trees identical in topology to the sitions). Ilowevtu; in the* phylogenetic analysis /).

phylogenetic h\[)olbesIs presented In that pa[)er. funiculosd clustered among Furopean Didhd (Fig.

Th(^ data matrix <»f()03 bp conlaIni'<I 342 invariable 2). The wlude alignment reqnired 44 gap positions

of 1 nucleotide in length, and 2 gap positions nu-

cleotide |n)sitions 16.3 sites were [)oten!iallv infor- quired 4 {Ardhi,s (dpirui, A. hlcphdrdphylld) and 14

malive. Fitch ])arsimony analysis resulled in 12 (4. dlpltui L., Auhri(*ld dclloidrd) base pairs, re-

most |)arsimonIous trees with a length of 612 steps, specti\<'ly. Td<Mitical TTS sequences were det(*eted

a consistency index (CI) of 48.9% (autapomorphies in D, iuidenii and Z). pidvuidtd subs|). pidviiidld

excluded), and a relcniion index (RI) of 71.8%. The (ace. nos. 38 and 80, respectively) and in D, scri/ra

strict consensus tree (not shown) out of these 12 (ace. no. 48), D. splcndcns (ace. no. 50), D, hcm-

most parsimonioiis \\r.cs is identical (excej)t for A.V- sleydna (ace. no. 8.3). and D. exteiisd (ace. no. 85).

ophild rcrnd, Dndui nizoidcs and /). drdholdrs, and The results of the distance analysis are shown in

CnsukU'lld (iud<lriciKsldId that are added herein) to Figure 2. Six major clades (I-\T as indicat<Ml on

the previously pnblislu'd ph\ l(»genelic network Fig. 2) could be distinguished arncuig the genus

(Koch et al., 1999a). Tlie distance tree is identical Drdhd with relatively robust support for clades l-

to that j)resenled b\ Koch et al. (1999a) (Fig. 1). Ill (Fig. 2).

I)r(d)d is closely ndaI(Ml to the Europcvui Arahis L \^e also indicated Schulzs (1927) secti(»nal clas-

logenetic ITS tree (Fig. 2).

and \uhricld A<lans., and it is positioned wilhin an sihcalion (Table 2) in lioman numerals in the phy-

''Arabidt*ae core group" (Fig. 1). Tlu' germs Cits-

ickiclld, which is end(Mnic to the western United Fitch parsimony analysis with a subset o( l)r(d)a

Stales, was resol\ed with \oith AnuMlcan /A///- taxa bom all major grou|)s recognized in the o\erall

moldhus Tausch and North Am(Mi(*an And)is. As analysis resulted in 12 most parsimonious ti'ees

shown liy Koch el al. (1999a), the North American (MlTs) 208 steps In length, CI of 70^/<' (antapo-

Arahis, excluding ihe A, hlrplidrdplnild Hook. & morpbit^s excluded), and Rl of 69.9%. 'l\\r results

Arn. group anri a h'wother species, are better treat- of the bootstrap and decay analysis are add(Ml to

ed in the genus Bocclwrd A. Lo\e 4^ D. Lov(^ (Lo\e the strict consensus tree shown in Figure 3.

& Fr»ve, 1975). For subsequent FFS analysis of all The (»verall analvsis (Fig. 2), as well as the anal-
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89

Arabis pauciflora EUROPE

Arabis turrita EUROPE

99

99

DRABAARABOIDESUSA
EROPHILAVERNAEUROPE
DRABAAIZOIDES EUROPE

Aubrieta deltoides EUROPE

51

100

100

Arabis alpina AFRICA

Arabis alpina EUROPE
Arabis procurrens EUROPE

Arabis hirsuta EUROPE

Arabis jaquinii EUROPE
Arabis scabra EUROPE

Arabis blepharophytia USA

Arabideae core group

Barbarea vulgaris EUROPE

97

100 Cardamine flexuosa EUROPE
100

83

Cardamine amara EUROPE
Yinshania henryi ASIA

87

52

7

Capsella rubella EUROPE
Arabidopsis griffithiana ASIA

100

97

96

Arabidopsis korshinskyi ASIA

Arabidopsis thaliana EUROPE-ASIA

Arabidopsis halleh EUROPE
Arabidopsis lyrata ssp. lyrala USA

50-

100

iOO i~ Arabidopsis lyrata ssp. petraea EUROPE
y^- Arabidopsis lyrata ssp. petraea EUROPE

°^ Arabidopsis lyrata ssp. kamchatica ASIA

Arabidopsis himalaica ASIA
Arabidopsis wallichii ASIA

100

Arabis glabra USA
Arabis glabra EUROPE

67

89

100

CUSICKIELLAQUADRIUSCULAUSA
I Halimolobus perplexa var. lemhiensis USA

Halimolobus perplexa var. perplexa USA

91

r- Arabis lyalli USA
^ Arabis lignifera USA
Arabis microphylla USA

h i

0.1 substitutions/site

Arabis divaricarpa USA
Arabis parishii USA

Arabis drummondil USA
Arabis drummondti USA

Fi<iiiir 1. Nri^^libor-joiiiin^ dislance Irre based on IIS sciiurricr data lu drnuHistratc llic systiMiiallc relalioiisliips

of Draha lu (itlicr mnircroLjs la\a. StHjuriiues from four laxa anal\/rd in this sludy (sliuwii in t-apilal l<MU'rs) \snv

added to a |>i('\I()us analysis of Irihc Arahideae (Kot-Ii el al., I9*>*>a). Dralni and Eropliila ucre inle^ratcd iiilo an

"Arahidcac core ^ronp" pre\ iously reeof^^iiized l)\ Koeli et aL (IMWaj. I )islT"ihuliorKii area is IndieanMl. For Anihis ghihrd

(L.) Henili. herein we used tlii' la\onotni<-ally more ap|)ropriale syrion}tn Dirrilis ghihni L. Hootslraj* suj)|ioi1 is ^M\eti

Ixdovs liie hraiiclies from lOOO replieates.

ysis (tfa subset of taxa (I ig. 'i), RTognized tbc same cpienees Iroiii mostly Noiib Ameriean Dralxi laxa

six major ITS (daib's among Eurojiean and Ameri- {/). cuneijolia, ace. no. 61; D. pJalycitrpd. iwv. no.

can Dnihii, inelncHnj; ibc two accessions of Ero- 60; /). rcplans, ace, no. 72), bill also one ace(\ssion

pliitiL Kuropcan Dndxi are eonfuK'd to (dade IIT Irom l*<'ru [D. (itdhoides^ uce. no. o4). Clades I-III

togetluT vvilb Kmopean Eropliila (Figs. 2 and 3); aie well snp[>orte(l by I)oolsliap values of 100%,

this (dade is cliaiaileriz<'(l by long inlerna! genetic 889f, and 915%, resj>ecti\td}. In t'onlrasi, (lades IV,

(lislane(*s s(^paraling Kuro{)ean taxa from the re- V, and VI (eonil»ining llie majority of laxa) are only

maining Amt^rican Dniha. flie American species of weakly supporli^l b) bootstra[) analysis (Fig. 2).

However, all cla<les weri' recogniz(Ml in tlie par>i-

analvsis with a subset of taxa (r(»m all six

Dfdlxi are found \i\ all remaining idades T. II, JV.

V, and \l. monv

The most hasal cladc. cla<le I. combines se- clades. Tlie oidy c\c<'|)lion is D, sropulorum (ace.
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100

Draba Wo/acea (VIII) 86

Draba stylosa (?) 81

Draba confertifotia (VIII) 35
Draba depressa (V) 30

Draba pycnophyfia (VIII) 46

J
Draba hammenii (?) 2

I

Draba funckiana (XI) 32
^ Draba funckiana (XI) 87

DraJba//nc/em7(IX)38

Draba sericea (?) 48

Draba hemsleyana (Vtll) 83

Draba macleanii (IV) 40

Draba sptendens (VIII) 50
—Draba soratensis (IV) 49

- Draba chionophila (XI) 8

Draba nivicota (X) 58

Draba atyssoides (?) 23

Draba penneU-hazenii (XI) 3

Draba extensa (V) 85
Draba lapaziana (7) 21

- Draba haffii (VIII) 36

Oraba pickerengii (IV) 44

Draba peruviana (VIII) 43

Draba jorullensis (X) 57*
Oraba puivinata (IX) 80

Draba sotitaria (VIII) 6—Draba //famo (?) 39
Draba hidalgensis (?) 55

Draba wurdackii (?) 52

Draba farseiioides (VIII) 31

Draba crypthantha (V) 28

clade VI

Draba pseudocheiranthoides (?) 12

Draba ritacuvana (7) 13

Draba puivinata ssp. berry/ (IX) 18

Draba matthioloides (VIII) 82
Draba cruciata (III) 60

88 > Draba crassifoiia (XV) 59

Oraba spruceana (X) 9

Draba sfreptocarpa (XII) 73
Draba rositae (?) 14

Draba sfand/eyr (?) 74

Draba boyacana (?) 79

Draba barclayana (?) 11

Draba pi/srV/a (XV) 45
Draba dens/fo/ia (lit) 102

Draba ai/reo/a (XII) 101

>raba mogoiionica (XII) 67
Draba heileriana (XII) 54 *

Draba dens/Yo/Za (III) 62—Draba schusteri (W) 15
Draba ramoisisslma (XII) 76

Draba jaegeri {7) e^ -k

Draba hitchcockii (?) 64 *
Dralya pterosperma (III) 70

clade V

Draba paysonii (III) 71

Draba tucumanensis (?) 51 "k

Draba gtabetia (XIV) 63

-Draba subumbeltata (?) 75

Draba otigosperma (III) 68

Draba incerta (XIV) 65
Draba g////e5// (VIII) 34

Clade IV

Draba scopuforum (IV) 47

93

100

97

Draba tomentosa (XIV) EU 113

Draba tomentosa (XIV) EU 112

Oraba /ad/na (XIV) 115 EU
Oraba dub/a (XIV) 114 EU

T^ Oraba fun/cu/osa (II) 33 _ .

Erophiia spafbu/afa 1 1 1 EU| clade
Erophila vema 110 EU

Dfaba aizoides (I) 103 EU
Draba aizoides (1)104 EU
Draba /ad/na (XIV) 116 EU
Draba a/zo/des (I) 107 EU

100

88

Draba betiardii (XI) 7

[— Draba cryophiia (?) 5*
' Draba cuatrecasana (?)1

clade II

95

100

Draba reptans (?) 72
Draba platycarpa (XVI) 69

Draba cuneifolia (XVI) 61

Draba araboides (XVI) 84

clade I

Aubrieta deltoidea EU

100
rArabis aipina APR

Arabia aipina EU

100

0.02 substitutions/site

Arabis bryoides EU
Arabis biepharophyila

Arabis pumiia EU
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Talih' 2. Sectional classification system according lo Scluil/ (1927). Honiaii nuriH'rals corrcs|)on(l lo llios<' nsed in

parenlhcs(^s in Figure 2,

Sectional classification

according lo Sclinlz (1927)

I. Aizopsis DC.

II. f.i/KKlnilxi (). K. Scliuiz

III. (J\r\si)(lrah(i \){].

l\. Rluihdodnihd i). K. SchnI/

\. T)lo(lriih(i (). I''. Scliulz

\'I. Acnxlrabd 0. K. Schul/

\'TT. Ilcli< odraba (). K. Scluil/

\'lll. (llddodrahd (). K. Schul/

I\. Di>liih(}sl\lis (Tiucz.) O.F. Scliulz

X. Adcnodnihd 0. I\. Scluilz

XI. ('.lnniKfrgongvli* (>. E. Srlmlz

XII. Plnlliuhaha <). K. Scluil/

XIII. :\rsodrdl)d (Ifcene

\1\. Ij'itcddrahd DC.

X\'. DndH'lId DC.

X\ L Tdf/idslima (luil.) (). K. Scliulz

XVII. Ihdni (CretMie) 0. E. Scluilz

Nufuher of sjteci'es and distiihulion

21) s|)[).. Medileiranean and rest ol Europe

1 s[>.. South American (Falkland Tslanils and Patagonia)

57 spp., Asia and North America

10 sj)p., South America

8 spp.. Soiith America (Ecuador and Peru)

1 sp.. N\\ Africa (Morocco)

2 spp., I\\V Africa (Morocco)

1 I spp.. South \merica (Colomhia south Iiitu Patagonia)

H spp.. South Vmriica (\enezuela)

9 spp.. (Central America (Mexico and iruatemala) and South Amrrica

(Colomhia. Ecuador, and l5oli\ia)

f) spp.. South \mcrica (Colomhia and \euezuela)

29 spf).. North America, 1.. Asia, and Himalayas

1 sp., Noith America

59 sp[).. Europe, Asia. North \iucrica, and St>ulh Amcilca (2 sp[>.)

25 >[)[>., Asia, North America, and Stjulli America (2 >pp.)

6 sp[).. North America and Sttulh America (2 spp.)

1 sp.. North America

no. 47). This sjxH'it's was |)()sili()iUHl helween clades s[>acer. A region of six hase pairs hetwctMi the iii-

IV aiul ill l>y distance analysis (F'ig. 2) with higher Iron and the sj)a('er that showed no variali<»n among
sefpicnce siniihiril} to laxa from (lade l\', l>ut j)ar- Draha acoessi(»ns se(|ueneed by WidnuM- and Hal-

slniony analysis positioned it in elade IV with high lisl>erger (19991)) is missing. Hie whole dala t»iatri\

confidence (Fig. W). Weohiained no significant phy- is interspersed with 21 ga|)s (7 within the /r//L in-

h)genetic structuring amcMig these si\ major clades, iron, inehiding 4 anlap(»mor[)hi«»s, and 17 within

and tlu' trees remained nm-esolved in this respect. the spacer region, inehiding 8 autapomorphies, r(-

speelively). Witlilri the {rn\. inlron 47 variahle nu-

ll^xL l)\l \ eleotide positions wer<^ detected (iiudiuling 20 an-

Vic c.n.sidrrr.l 76 seijurnces oC uliiih 69 are
tai)(.ni...j)hies); uilhiii llu- trn\A' .spacer 52 ..ul cf

novel r.MKHts li.'r(>in. Tn total we considered 72 dif-
^'^ variable nucleotide positions u.-re ninnlomia-

* r"«^l It a 1 M 1—1 m M W t

ferenl taxa. The alignment of the trn\. intron is 382

bp in length an<I contained 6 h]) of the first exon

of the //7/E(UAA) gene al the 5'-end and 30 hp of

tive. The distance lit^e is shown in Figiu'c 4 with

support indicated jiy IxKttstrap greater tlian 509f

.

Fitch ])arsiniony anal) sis v\itli a sul)sel ol taxa

llu^ second exon at its 3'-ejid. The alignment of the similar to the ITS analysis resniti'd in 182 MPTs

/n?L-F-intergenie spacer ivgion is 104 hp in length ^^hh 112 step.-, in length. CI of 729f. and HI of

and contained S hp of the second (^xon of the 797^. This suhset comprises the same set of laxa

//nL('-'^^A) 8<''^*' ^1 hs 5'-end and I 'i hp of the IrnY used for ffS analysis with additional Drabu rosilac

(ace. no. 14), hi'canse this taxon has Ix^eii s(*[iaraled

to a final alignnu'nl 786 h[) in length consisting of from olht^v Dniha taxa h) a relati\(d) high bootstrap

the enlire Irn]. inlron as vv(dl as the second exon of sup|)ort of (hW( (Fig. 4). Signilieant results of llie

the Irnl. gene and the complete //vd.-F-intergenic bootstrap and decay analysis are shown along

gene al tlu^ 3'-end. Both ahgnments were eomhined

figure 2. Neighhoi-joiuiiig dist.uu c tree of ITS sequence data. Bootstrap suppoit is gi\eu fnnu KKIO rcpijrates.

Arrows in(licat(^ positions ol taxa that dilfci from (lu^ plastid analysis (see f^ig. I). \steii.->ks mark accession> that weii'

usefl lor triplet eom[)arisous ol ITS t}p<'s to investigate concerted evolution (for details refer to text). Hrancli li-u^th of

Drahd fiifiiculosd (ace. no. 'X\. (lade III) has not heeii drawn \^^ scale (refer to text), faxonoiuic accession numhers

curre>i»on(.l lo tlu».>c in fahle 1. In pareiillu;ses the sectional [)osilion according U) Schul/ (H)27) is ^I\<'ii. Taxa that

were not recognized l)\ Sdml/ (1927) are marked with **?". ITS sequences of outgrouj) taxa from Anibis and Auhriiin

have hcfMi [)uhlished previoiish hy Koch et al. (1999a). Europium Dnilxt are indictacd hy "Kl'."
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82%
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+1

63%
+1

1 00%
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Drab A pulvinata 80

Draba boyacana 79

Draba ramosissima 76

Draba hitchcockii 64

Draba ougosperma 68

Draba scopulorum 47

DRABAPAYS0Nll7^

Draba aizoides 103

Erophila verna 110

Dr/\b>\ tomentosa 112

D/?>»Bi4 CUATRECASANA1

Draba cryophila 5

Draba araboides 84

Draba cuneifoua 6

1

Arabis pumila

clade VI

clade V

clade IV

clade

clade

clade I

Fi|j;urt' .*i. Strict coiisimisus Ircr froni Filcli parsiin(ni\ usintj; a sul)scl of ITS s(*(|iirn<'es. Boolstiap siip|K>ri from 1000

n'|)lical4's is sren al)<)\r l)taii(lu-s; dt-tay values arc indirattMl hclow hraiulu^s. Accessitin nuinhcrs Inlluuing laxa

( {»ri'('s|)oii(l In Taltit' 1. Cladcs l-V coriX'sporHl l(» ITS cladt's I—V from Figure 2.

I)raiu-h<'s in llie strict consensus life (Fig. 5). The ogni/.t^d five major clades annni<!; Dntlxi. with D.

results ol this atialysis aiv congruent with the find- cuncifolia (ace. no. 61), D. phttycarjxi (ace. no. 69),

injj;s of ihe ovtMall distance analysis (Fi*!;. 4). F'ive D. repUins (ace. no. 72), and D. (irahotdcs (ace. no.

inaj(»r (lades eonld he (hslingnished (idades A-F, 84) in (da<le A ordy distantly ndated to the reinain-

V\p^, I and 5) with bootslrap snp[)()i1 greater than ing (dailes. Fhisloini' types from Enro[)ean Dniha

S09f. There is \\{\ support to e<»in[»ine D, oligosper- were found m<»stl) in (dades B and I), hnl one ad-

riid (ace. no. ()<?) and /). scojxiloriim (ace. no. 47) ditional plastome type from Dnilxi (tizoidcs (ace. no.

to an\ of these clades. Ihiwever. I). oUgospenua is 108) (\^'idnier cK Ballisht'rger. 1999h) showed an

more (dosely ndal<'d to ep genome tvpes C and intermediate j)osition hetween (dades K and (VI).

(Figs. 4 anii S) as rev(vd(Ml from distance and i)ar- In the present analysis, three plastonu* types of /A

simonv analysis.

The occurrence of (hes** particidar cp g<Miome

aizoides from Wichner and Rallishcrgcr (1999b)

were iiudnded and all three were (hvers(\ Dnilui

is sum- aizoides luMvin inyesligated from (^ermany (aec. no.

103) is more (dostdy ndated to I), aizoides (aec. no.

Tlu* tiiore inc lusive dislance analysis (Fig. 4) rec- 107 from \\ idmer & Baltisherger, 19991)); it assoils

types according lo their geographic origin

mari/ed in Talde 3.
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52

51

Draba solitaha 6

Draba barclayana^ 1

Draba ^tacuvana^3
Draba hallii 36

Draba pulvinata ssp. berryi 18

Draba hammenii 2

Draba schusteri 1

5

Draba confertifolia 35
Draba densifolia 62

Draba funiculosa 33

Draba cruciata 60

Draba crassifolia 5989

Draba pusilla 45

Draba boyacana 79
Draba soratensis 49

H

Draba standleyi 74

Draba hidalgensis 55
Draba hemsleyana 83—Draba matthloloides 82

68. DraJba mogollonica 67
I"! Draba madeanii 40
Draba joruHensis 57

Draba funckiana 32
—Draba alyssoides 23

Draba wurdackii 52

Draba lapaziana 21

Draba pycnophylfa 46

clade E

Draba sericea 48
Draba violacea 86

Draba peruviana 43

Draba splendens 50
Draba pickerengii 44
—Draba stylosa 81
Draba lindenii 38

Draba araboides 85

Draba funckiana 87

Draba depressa 30

Draba nivicofa 58

Draba aureola 101

Draba pulvinata 80
Draba chionophila 8

Draba aizoides 108 EU
Draba oligospenva 68

74

Draba carinthiaca 105 EU
V Draba aizoides 109 EU

Draba tomentosa 112 EU
Draba duDia 114 EU

Draba ladina 115 EU
- Draba s^y/ans 106 EU

clade D

Draba scopulorum 47
Draba rositae 14

64

63 I Draba streptocarpa 73
- Draba subumbellata 75

Draba jorullensis 56

Draba magellanica 41

Draba jaegeri 66
- Draba incerta 65

Draba ramosissima 76
Draba gilliesii 34——Draba helleriana 54

99
clade C

r Draba paysonii 71

Draba tucumanensis 51

Draba hitchcockii 64
Draba glabella 63—Draba farsetioides 31

63

67 Draba cryophila 5
Draba aizoides 107 EU

92
Draba cuatrecasana 1

Draba aizoides 103 EU
Draba aizoides 104 EU

Draba pennell-hazenii 3
clade B

91

100

Draba reptans 72
Draba cuneifofia 6^

Draba araboides 84

Draba platycarpa 69

clade A

. 0.05 substitutions/site .

l-'i;j;iirt' 4. Nfi<;lil)()i-j()liiiii^ dislanfc tret' of /r^L .sequetirc data. R(K>lJ^l^ap SLippoil is given frmn 1000 rrpliralrs

Arrows iiidicatc positions of laxa that diffrr' hcun tlir FIS analysis (see Kig. 2). Ar-ccssion tuiinlxTs of laxa (•orn'sp(nn

lo Fahle 1. Eun»[K'an Drahd arc iiidiclacd hv "hll!."
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94%
+3

Draba pulvinata 80

Draba boyacana 79

clade E

52%
+1

100%

>5

76%
+2

66%
+1

72%
+2

73%
+2

51%
+1

1 00%
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Draba oligosperma 68

Draba tomentosa 112

Draba stylaris 1 06

Draba Magellanic a 41

Draba jorullensis 56

Draba rositae 1

4

Draba hitchcockii 64

Draba ramosissima 76

Draba PAYSONii 71

D/?>»B/\ SCOPULORUM47

DRy»s>\ cuatrecasana 1

D/?/(S>\ AIZOIDES 1 03

Draba cryophila 5

DR4e>\ CUNEIFOUA 61

Draba araboides 84

clade D

clade C

clade B

clade A

h'i<?iit«' 5. Sirict loiiscnsiis lice from Kili-li |)aisiiii()n\ iisiiij; a siihscl of Ini]. SffjiictKcs. Moolslraj) sti|i[i(irl (fotii

lOOO i('|iIi(aU'fi is s<H'ti alyovc htancln's; decay values arc iiulicatid liclovv liraiHlics. Afcfssioii miini)(i;^ follow iiig la\a

conx-spoiul lo 'Ilii)k' 1. Cladcs A-K loncsponil to Irtil. iladcs A—K (loiii Fii^Lire 1.

ITS \ KUSl S Inn, i)V\\

TlitMC is .sdiiie coniiiiiK'Mcc hclueeii plnlogi'iiclic

>\illiiii cladf n (Kig. I). I'litM' twci plasloines of I). not ;i\;nlal)le. and researcli of llic aiilliors focusing

aizoidrs arc scjiaralcd hy sc\cii mutations. Sonic on annual Kurasian Druha is in [jiogn-ss.

plnslouic l\|)cs {D. siopitUiiutn. ace no. 47. /). oli-

gosiii-niui. ace. no. 68. and I), (lizoitlrs. ace. no. 107

from Widmcr & ISaltishc^rgci; lOWb) arc not sup-

ported sl<;niricanlly witliin a?i\ o( tlie five cladcs A

to V, (Figs. I and ^). Tlic plastoinc type of Druha trees from l)otli data sets (Figs. 2 and 1): (1) Anicr-

oligospi'iiiKi is positioned liasal to clades C and D iian D. ciutci/olia (ace. no. 61), D. plalycarjHi (ace.

in distance and ])arsimony analys«'s (Figs. 4 and .S). no. ()0), I), rcplans (ace. no. 72). and I), (inihoidcs

\hc plaslomc tyj)c of /). scojjulorum is supporli-d (ace. no. 81) are separated fujin all remaining l)ni-

uitliin clade D l)\ distance analysis (Fig. 4): Iiow- Ixi taxa. American as well as Fuiopean material.

rv(>r, this is not supported by a bootstrap \aliic and are grouped in ITS clade 1 or corresponding

gn-atcr than 50%. and parsimony anal\sis with a tin], clade A; (2) the majority uf Amciican Dnilxi

reduced data set (1' ig. 5) pi-o\ ided no information is combitK'd lo ITS clade \T, wliicli largely corre-

al all. cjiDN.V scciucuic data from Eropliila were sponds to ///;!. clade E; (.'5) taxa that were integrated
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'ViilAc 3. Dislriljutiuii nf plastonu' l>[>('s A-E anions

Dnilxi arct^ssiuns anal\z*Ml hcrriii arrordlii^ to tlit-ii sam-

pling area. L ui(|ue or *'anil»it^ii<>iKs" plastorm- lype of /).

scnpulonnu. I), oligosprrnia. and D. (iizotdes (ace. rios. 47.

(>^>. and 1 OR. n^s|)erli\(dv} lia\e heeii extlndrd here. Ninn-

hers of accessions sliouinj^ a particular plasloine type arc

indicated.

era! to plastonie clade C (Fig. 1). Inten'.sliii<ily.

AnKMicati I), funiciilosd (ace. n<». X\), with an IIS

tvpe cdoser to Kuroj)ean Draba, showtnl a plastonn^

tvpe gi'ouping to (dade K (Fig. 4).

Discission

Origin of

anal \ /c< 1

IMastonie t\ pe

(according to Fig. 2)

accessions A W C I) E

rMnop(

U.S.A.

:\ ()

Peru

\

1

8

cnez 'Aieh 1

omniaCol

Argentina

Chile

1

3

exicoM
Boli\ ii

1

2

1

9

5

6

5

1

1

3

\

Ecuador 10

sr\rt s or TiiinK ai.yssi:\i: wd hie

rU^ LOCKM-yi'lC I^OMllON OK (,I:MS I)H\}1\

Preliminary molecular phylogenctic anal) sis

(Ko(di. impiihlished) suggests llial the niorpliologi-

cally poorlv defuied trilx* Al_vssea<» is not rnono-

pliylelie. Two of Sclnil/s (19;56) tribes, Eunarieae

and Draheae, were recognized l)\ Jaiulien (l'J12)

and Ilayt^k (1911) as sul>lril)es of the Alyssea(\ dlu^

i^erius (AtmcUtia. vvhi( li was treated hy AEShehhaz

(19J>7) in the Alysseae, was shown hy Zunk et al.

(1999) to he \eiT close lo genus Capsrlla, a g<Muis

Iradilionallv placed in [he trihe Ee])i(heae. A tna-

jorit\ of die 650 sp(Mi(*s of the Alysseae (sensu

Jaiuhen. Hayek, and Al-Shehha/) htdong lo ihe

enera \lvssitm (170 sp|).) and Draha (.350 spp.).If

into ITS (dades IV and \ ])ossess a plastome t\pe
y|j^ ,„vsenl analysis supports a closer relationsliip

tyi)ical lor laxa from < lade C; and (1) European ,i,„oMg Draha, Eurasian Aralns. and tlu^ European
Draba is divided into two groups among hoth (hila Aubriela. Eurasian Arabis and Aahrieta \\i\\r I

sets (idade M and D in the plastid (hita set: and
H'en

shown to represent a core group of ihe trihe Ara-

siginllcanl suhgrouping within clade 111 in the fPS
l,jj(..,(' (Koch et ah, 1999a). However, as tradition-

data set iiK liiding Erophila). hut the separation of
^^^ dehmited hy Janehen (1942). Ha>ek (191 1). or

laxa forming (dades \\ and 1) does nctt correspond

U) that in ihe ITS elaile HE
How(ner. eight accessions (D. pcn/irll-hazcnii,

ace. no. 3; D J'

J
loniffi, ace. no. 47; D. hvllrriana, ace. no, .54; D,

oli^ospenna. ace. no. 0J5; and /J. slreptocarpa, aec.
fj,^^^^ .^]] „inlecnlar studies of the Hrassieacf^ae is

Schuiz (19;i6), the Irihe Aral>ideae hreaks down as

an unnaUnal group (Ko(di et ah, 1999a) (Fig. 1).

Similarilv. iht^ trilx^ Eepideae is nol tiionophylelic.

and several of its e<»nstilnent getu'ia are sister laxa

in other trilx^s of the Hrassieaeeae (Koth v{ ah,

2000, 2001). The eorisistent eon<dusioii rtvu died

no. i .3) from America assign to dilferent elaoe-sladc'^
that the Irihal relationships of Schuiz (193()).

when hoth phylogenies (Figs. 2 and 4) were com- janehen (1942), and Hayek (1911). wlii(di are

pared with t^aidi oIIkm'. In addition, |dast(nne tyj)es j^^^^.j ^^^i,.[y ,j,^ morphological characlers, are liigh-

from Draha aizoides are found at three <litferent (>o-

sitions (Fig. 4). Most American Draha species with

EPS tvpe VI (Fig. 2) possess a plastome ly|)e group-

ing into (dade F (Fig. 4). However, American Draba

rositae (aec. no. 14), D, hcllcriana (ace. no. 54),

and D. strrptncarpa (aec. no. 73) froiti ll^S elade VI

do have the plastome type C and not hpe F, as in

the majority of laxa investigated. an<I within D, pcti-

ncll-hazi'tiii (ace. no. 3) and D. farselioidrs (ace. no.

;il) from rrS clade \1 we found a plastome type

from (lade IE Draha oli^aspcrma (ace. no. 68) from

ITS clade l\' (Fig. 2) and D. scopub)ntm (aec. no.

47), which is also grouped to ITS (dade IV in par- when seqntMicing Draha ITS regions, although liy-

siniony analysis (Fig. 3), do not have the jdastome

ly artificial and do not reflec4 ph\Iogen(4ic rela-

tionships. Su(di artiheialily was also tdueidattMl al

the generic level, especially hy molecular studies

on CocliU'arla (Ko(di et ah, 1999h). Thiaspi (Muni-

menhoff et ah, 1997a, h), and Arabis (Kcxdi et ah.

1999a. 2000, 2001). Our liiuhngs should encourage

other investigators of erneiferous g(^neia lo test phy-

l(jgenelie assumj)tions a! a higher taxonomie lev(d.

UYBnii) rrs tyi'es am) nKri(:ii,\rio\

We found no and)igiions nucieoinie posnionsleolid

hrid oriirin for sevt^ral taxa is hk(d\ heeause o f

t\pe C (Fig. 4) as do the remaining laxa of ITS some chara(4erislies fre(piently found in speeii^s

(dade IV Ihtwever, Iiolh plaslomes of du^se taxa. D. grou{)s showing h\l>ridization and introgression: (1)

scopidoruni and D. oligospcrma, ixvc found p(Mi[)h- ineongruencies l)et\V(H^n nu(lear- and plaslid-de-
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Tahic I. RrforciKTs for clironiosoitu' nuniI)(Ms anioii^ Draba Ia\a uni]c\ study. For Ia\a llial v\<Tt' rt'co^iiizt'd hy

Sclml/ (M>27] iiilormatiun alKnil liis serlional la'atnu'ul is given (see also Table 2).

Seeliiiiial

rlassirientinn

aeeonliii*; to

Silml/ (1927) Ti IXOIl

Not iiieiilioned D. vryopliila

by Sehuiz

/). jiniillcnsis

/). (lizolilt's

D. gillirsii

hahctioitrmmAd

Aizopsis

Cnlix/ntlut

Clmniargongrlr D. hrllttnlii

(Jinsndraba

Doliosl) lis

1) rubella

Irmodruhd

rh^tlodiaba

Rhididodjidni

Tofnosllnui

D. rhioruipltild

f). ofigosjurma

D. paysotiii

D. puhiuiita

D. crassifolift

n, can'nlhiaca

D, dubia

D. fladnizit'n.sis.

D. raniosLssutKi

I), stn'ptocdrjHi

I), pickcrcfigii

D. i'unt'iJtiUti

I). pUttycarpa

I), n'plfi/is

Cbroinosoine no. anil relercnee

2n \8 (Calland vK Pfitseli, 19r>6b)

n

2n

n

In

2n

2n

2n

2n

2n

12 (Beanian et al., 1962)

16 (Hess et al.. 1077)

24 (lio<M'li(M-. 1966)

48 (Calland <.K Pfitseh, I98()a)

48 (Calland & Pfitseli, 1986a)

:V2, 61 (Midli^an, 1972)

42 (Mulligan, 1971)

48 (Calland .^ riilscli, 1986a)

2n

n

n

n. g!(d>f'll(i n

D. iti( rrta n

hidind 2n

nuigt'lltinira n

St) 1 (iris 2n

lomctitosa In

lu'llcridfui n

11 niogolltmini n

rioidv level

= 40 (Price. 1979)

= 16 (Hess et ab. 1977)

= 16 (Hess et ab. 1977)

= 16 (Hess et ab. 1977)

= 32, lO (Mulli-atu 1970)

= 56 (Mulligan, 19()6)

= :V2 (Hrss et ab, 1977)

= 32 (IliMlborn, 19 ||)

= 32 (llesset ab, 1977)

= 16 (Hess et ab, 1977)

= 8 (Ward. 1983). n = 9 (\Xard & Spellenberg, 1988)

= 16 (Ward. 198)3)

/; - 8 (N>e, 1969)

//

2n

20 (Price, 1979)

21 (Favarger<S' Huynli. 196S)

2/) = 1() (I{ullins <K Kue<lerd)erg, 19i 1)

- 32 (liollins <.•( {{nedenberg, 1971)2n

2n

2/i

16 (bove & b(ive, 1982)

32 (Sniitli, 1905)

Iie\aj)loid

tn]>loid

diploid

hexaploid

hexaploid

hexaploid

letraploid. oclo[)loid

pejita|)loitl + 2

liexaploid

j^entaploid

diploid

dipl(M<l

diploid

octoploid, decaploid

1 l-ploid

tetraploid

octoploid

letraploid

diploid

diploid

tetraploid

diploid

penlaploid

triploid

diploid

tetraploid

di[)loid, tetraploid

rived j)hylogeneti(' li\ potlieses, (2) the occurrt^iice types exceeded 9%, and lliese inlglil indi(*at<' a rel-

of polyploids (laMe 2). Addititmally, for Eiii-oix^an atively old aye for the geiuis. DivergtMice lime es-

/M//>a (^\t(Misiv(^ hybri(!izatit)ti and retieiilatioii have tiniates of erueiferous jdaiibs are found in Koeh et

been shown |)re\i(uisly (W idiner & Haltisherger, al. (2000) for (dialeone synlhas*^ and aleolioldehy-

1999a, h). Therefore, we have to assume that eon- drogenase and in Koeli et ab (2001) for ehalcone

ceiled evoliilion of piitati\t* aneeslral ITS types re- synthase and malurase K. A eomparison of llu^se

sidled in ont^ doniinarit ITS copy. Diff<*renl modes time estimati's with an ITS-derived phylogeny com-
of eoneeited evolution of ITS regions have ])een prisitig a similar set of species (Kcuh el ab. 1999a)

discussed, e.g., for Cossyplnfn (Weiidel et ab, shows that 1% ITS sequence divergence eorre-

]99.'^a, 1)). roses (Vissemarm, 2000), OucrciLs (Muir spond to approximately 0.5 to 1.0 million years.

el al., 2001), and other plants (Buckler el ab, American Dniha occur al different p]i\logenetic

1997), and for some cruciferous taxa {/lillirlla, positions, sonu^imes logethtM" with Kuropean /^^/Aa

Cothhutrirlld in Koch & Al-Sh(dd)az, 2000; Arad- plastome ly|»cs (Fig. 4). d1iey include mimerous
idopsis in O'Kam' el ah. 1996; Canlanunc in Frai»z- polypI(»ids (Table 4), and it is likely that hy])ridiza-

ke et ab, 199r>; l//Vro////r/.sy>/ in Mumtneidioff <•! ab, lion and polyploidi/alion played a major role in

19971)). S(Mpie!ice divergence values of ITS types their tnolulion. In order lo lesl this assumption and
from putative [lartMils, \\hi(di pi-oducetl liyhrids in show intcrrtdalionships hetwe<Mi difh-rent ITS Ivpes,

vvhi(di concert<'d evolution has been docinnented, several comparisons of three bl'S setpicnccs from

ratige from 3.1 to 7.m (Koch .^ Al-Shcddjaz, 2000: three different ITS clades (Fig. 2) wt^re don.- to an-

270). Scfnipnce dipipnce (livergence value s for Dnthd ITS alyze the distrilmtion of variable nucleotides. Thest
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Atncricaii laxa coniparrd as sucli are re|)r(^se?il(Ml (nxiinion willi accession tuiniluT ^^ of clade II luit

l»y asterisks in Fi^^urc 2. First, American Dnilxi 23 characl(n-s with accession luiinhei' .^1 of clade

rryophild (ace. no. 5. clade 11) was eoni|)ai<'<l willi IV. The tliird c-(»ni|)arison (ace. nos. 51, 54. and 57)

I), hilchcockii (ace. no, 61) and I), iiiciinumensis revealed thai all synapoiiiorphic characters coni-

(acc. no. 51)orclades \ and \ 1, res{)ecli\('ly. The bintnl exclusively accession luirnhers 51 ami 57.

distiihution of niiclc(tlide di\ersity revealed that f). This might iiuhcate close relationships o( taxa fntm

hilchcockii hail 21 characters in common with 1). clade \T, which includes accession numbers 54

{ucumaneiisis and only 5 characters with /A cry- and 57. and a rnonophyletic ori^^i?]. The fourth cotn-

ophila (ace. no. 5). Of the eight mudeotide positions parison (ace. n(ts. 5, 54, and 57) pro\ ides no ad-

where D. hilchcockii dilfered from D. cryophiht and ditional data toward the h)l)ridi/ation o( taxa front

I). tucumdTiensis, three were identical to positions either (dade II or IV as a source for ri\S types found

from D. joegeri (ace. no. 66, also from (dade \ ). in clade VI. Accession number 51 shan^l onb -i

S\ napomorj)hic characters were found within die characters with accession numlx-r 5, but accession

1TS2 regions of />. tucuniductisis (ace. \M). 51) and number 54 shared 21 characters with aciression

I), hilchcockii (ace. no. 61). but not within I), cry- number 57. Ther(Tore, based on ITS seijuences, it

ophila (ace. no. 5) and D. hilchcockii (ace. no. 61) was not possibh- to verify the hypothesis that ITS

or I), joegcn (ace. no. 66). types from (dade \ 1 <'\(>lved \ la concerted (n^olution

Different results were obtained upttn compaiison after hybridization.

of /A jorullensis (ace. no. 57) of clade \ I (Fig. 2) Comparison of the maternal phi^tid [)liyl()gen\

eight characters of I), hilchcockii (ace.

with I), hiciuno/iciisis (ace. no. 51) and /). hilch- (see taxa indicated by black arrow >. Fig. 4) with

cockiill). joegeri (accession nos. 64 and 66). In this the ITS-dcrived phylogen\ in(hcatcs that plastome

case, both D. hilchcockii and I), jacgeri sliar(Ml (i\e types found in I), pcnncll-hdzcnii (ace. no. 3) an<l

(diaiactiMs with D. joruUcusis (ace. no. 57) and sev- D. Jorselioides (ace. no. 31) sinular to those found

en with I), lucinnanensis (ace. no. 51). Jdnce of in European taxa (plaslid <dade I?) are distributed

no. 61). among accessions with an FFS t)|)c o( (dade \ I. \\\

which were not found in D. lucumanciisis (ace. no. contrast, f). Juniciiloso (ace. no. IVA) has a plastome

51) and D. jorullensis (ace. no. 57), were s\na|>o- type humd in clade K, but its ITS copy is rcUited

morpbic with those iAD. jocgeri (ace. no. 66). For- to FAn'opcan ITS types found in ITS tdade III. Pla>-

therniore, A ///r/////(///c//.s/.s- (ace. no. 51) contributed tome types from plastidic (dade C (I). rfKsitor. f).

to all variable mu Icotide p(»sitions in the rrS2 re- hellcridiui, and I), slrcptocarpa or ace. nos. 14, 54,

gion shan^l with either I), hilchcockii (ace. no. 64) 73, respectivtdy) contributed to the genetic consti-

or I), jaegeri (ace. no. 66), whereas I), jorullensis

(ace, n(». 57) contiibutcd nuideotide positions only [)la>tome type E. which is distributed among AnuM-

iean Drahu of the ITS (dade \ I. is sitnilar t(» a

|>r(;ted as the result of h\ bridizalion between laxa plastome l\pe from the European I), oizoidcs (ace.

of clad(^s I\ and VI. as rei)resented by /). hun- no. 1(){>. Fig. 1) but n(»t from the other accessions

nuincnsis and D. jorullensis, res{)ectiv(dy, which of/), (tizoides (ace. nos. 107, 10*^ 103), which as-

pi(»duced the hvbrid I'l^S tv[)es found in (lade V as sort to plastome clades H and 1). l'\ttMisive inlra-

n^|)r(^s(^nt(Ml b\ I), hiichcockii and D. jaegeri (Fig. sp(M'i(ie ci>nN A haplotype variatii>n in al[>ine D.

2). (tizoides was demonstrated b} \\ idmer and Bahis-

additional comparisons are made t(t te^t the berger (1999b). dlierefore, one could s|)eculate that

chlon»plast ca[)tme might

have resulted in the similar transmission of Euro-

tution ol taxa found in TPS (dade VI. Interestingly.

within the llSl I'egion. Tlu^se findings are inter-

F our

ancient g(Mie flow and[)ossil)le role of h) bri(b/ation in the forrnalion of

ITS tvpes of clade \ 1 (Fig. 2) that iiuludes no Fu-

roj)ean taxa: (a) D. cryophila (ace. no. 5, < lade II). pean [dastome types into American Draha and in

II jorullensis (ace. no. 57. (dade VI), and /A lucu- tlie constitution of the wlnde e(tmpl*^x of taxa with

ffioficnsis (ace. no. 51. clade IV); (b) I), cryophila an VVS ly[)e from clade VI. I'lastome ly[)es found

and I), helleriiina (ace. nos. 5 and 54. basal in in taxa fnwn this group mostly b(dong to plastome

(lade W). and /). lucumanensis (ace. no. 51, tdade t\ pe E (onl) 5 out of 51 accessions with ITS typ(^

I\): (c) D. lucun)(inensis and D. jorullefisis (ace. VI ha\e been shown to posses.s other [dastome

nos. 51 and 57) and /). helleriana (ace. no. 51); as typi^s than plastonu^ type E) and are oidy weakly

differentiated from each other, ddiere is no res(du-

tion within clade E in the /n/F-deri\ (mI phylogeny.

Taking both a|>])roaches into account, the c(tm-

W(dl as (d) D. cryophila. D. helleriana. and I), jo-

rullensis (ace. nos. 5, .5d, and 57, respecti\el\).

I lie first two comparisons (first, among ace. nos.

5. 51. 57. and siM-ond. among 5, 51, 51) re\caled parison of ITS types and the distribution of plas-

ihat accessions 51 and 57 had otd\ 6 (dunacters in tome typ(*s among diffi^rent (lades rev<^als stron
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cvidfiut' for exlonslvc rrliciilalioii during llic cvo- sU^m leaves, fldwer Cdlor (white vs. yellow), llie

lulion of llie American complex ni Draba. However, [)resenee or a])s*MRe of median neelarics, and slvle

length. Four of Schul/'s s<n'tions are no longer rec-conci^rled evolution of ITS Ixpes has resulted in

hornoge!ie<ms ITS copies within single laxa: no dif- ognized in DralxL Section lldicodralm (). K. Sclml/

was shown l»y Tlyam and }\\r\ (1990) to hclong to

the Southwest Asian GracUsia Roiss. Section .Vc-

PCK proihicts. The genetic source of plastome and soilraha (Greene) N. Busch was reiUiccd h\ IJer-

ITS ty|)e variation [irohahly originated fr(»m Eur- kutenko (199r>) to Srlnvereckid Andr/.(Mowski ex

ficullies wi're encounteaul while obtaining the se-

(pKMiees hy direct cych- setiueneing of the purified

asian laxa, for which \ery com|)l(»x evolutionary DC. Sections Tonioslinia (Raf.) (). E. Scliuiz and
scenarios have ahvad) Uvvw described. Subse(|uent Ahdra (Greene) 0. E. Schul/ are b(diev(Ml 1o form

livbr i(h/ation probal»l\ look place among (hffcRMit the well-defintMl genus Tomostima I{af. (i*ri ce ciK Al-

groups of AnuM-ican Diaba (e.g.. laxa from ITS Shehbaz, unpubllsjied). Species as assigned to tlu

clade 11 with ta\a fiorn ITS clade IV resulted in remaining sections are still maintained in th(* genus
laxa from ITS elad<' V). and some laxa from the ITS and are m>t currenll) questioned (Table 2). Section

clade VI crossed back with taxa from clades V or Acrodraha 0. E. Schulz (1 species, Dndmnmidum
\\ possessing plaslomcs of type C. Oidy taxa from Maire) is restrict<'d to northern Africa, whereas sec-

ITS clade I (corresponding to IrnV. clade A), all of lions Rbabdodralxi 0. E. Schulz (10 sp(H'ies), Ad-
which are distributed in America. re[)resenl a ge- enodrabd 0. E, Schulz (9 species), Tylodndut O. E.

nelieally sf*parated lin<\igi' (Eigs, 2, 4). Schulz (8 species), Dolichoslylis (Turcz.) U. E.

n

These hypotheses might !)e simplified; howe\cr. Schulz (3 species), C(dodrab(i 0. E. Schulz (I I spe-

tecome mor<' c<»mplcx when additional cies), and Chdmaegofi^ylc (_). E. Schulz (6 species)lev wi

individuals from a single taxon or one population are dislribuled in Central and Soulh America. With
are anal\zetl. Kor example. cxt(Misive ongoing gene tlu^ exception of section Aizopsis DC. (28 spe<'ies),

flow has lieen report(Ml within Dndxi from the Alps which is almt)st exclusively European, larger sec-

and Siandlnavia (W'idmer *K Baltisberger, 1999a, lions include the North American and Eurasian

b; Rrochmarm el al.. I992a-d; I?r-ochmann el al.. Chrysodndni DC. (57 species), the North American
199;?). Although the slutly of h(Mbarium material is and East Asian Phyllodraba 0. E. Schulz (29 spe-

grt^atly affected b\ undersampling. it is ralli(w- re- ci(^s). Europ<\tn and central Asian Iritcodraha DC.
m

deflected. ()n<* has to assuMH* that much higher lev-

els ol incongruencics will be observed in g<*netii;

analyses al llu^ populational level.

Sl'CriON.M. CI.ASSIIICMION OF l)R\n\

arkable dial in 8 out of llu* 71 samples of Amer- (59 spp.), and the Asian Drahella DC. (2.S spp.).

icati Ihaba (> liY/c) analyzt^l, incongruencics be- The last included two Soulh American sp<'cies that

twrrn ITS- and /n/E-<lerived phylogenies were doubtfully belong there.

Eour out of lh(^ 17 sections seusu Schulz (1927),

whicli i'omprise (Mily five sptM-ies (1.59f of the titlal

in Dndxi), were not included ill the present sludy.

Sections Ueliaxhudxi and Ncsixlrnlx! (4 species)

have already be(^n combined under different genera

as outlined above. Material of the North AiiuMican

Dndxi is generally recognized as a natural genus section Mxlnt (1 speH'ies) and African section 1r-

of alx.ut ;i50 sj)ecies dislribuled primarily in the nxindxj (1 species) were not available. Sclmlz's

Arilic, subarctic, and alpine regions of the North- sectional cUissificalion is given in Ro?nan mimcrals
WWHemisphere, wilh about 65 species in SiMith in parenthes<^s in the phylogenetic ITS tree (Eig. 2).

The phylogeiu^tic analysis of the ITS sequence
gonia (Al-Shehbaz, 1<>87). In the present study we data (Fig. 2) shows that all sections exclusiv(dy dis-

focused on American Dndxi. inchuling a limite<l Iributed in South and Central America (Table 2,

number of specif^s from Europe (8 species from 10 sects. Rludxxlraba, TyUxlndxi. Cahxiraba, Doli-

aceessions). Ele\fn spin-ics grow in Mexico and rhoslylis, Adcnodndxi, Chamdrgongyfr) fall within

Central Ameriia (Rollins. ]9{U). More than 100 clade \ I. This clade also includes such laxa as

grow in North Anu'rica and Greenland (Rollins, Dniba aureola (livr. no. ]()]) uf sevl'um Pbvllodndxi

1993), with the ranges of about 20 of these exlt^nd- (Norlli Amew'ica, Asia), /). crassifoUa (ace. no. 59)

from section Dndxdla (Eurasia, North America),

America along the And(^s from Colombia lo Pala-

in»!: into the Arctic and subarctic Eurasia.

Schulz (1927, 1930) divided Dndxi (exclu(hng aiul /A rn/(-/V/^/ (a(-e. n<». 60) of section T/// r,vw/r<//>a

luophda) inlit 17 sections (Tabh^ 2) that have been (Eurasia, North Anu^-ica). This suggests thai South
considered by some (e.g., Fernald, 1931; Al-Shch- and Central American Dndxi ])rol)abl\ c\(»l\ed

baz, 1987) to be lnghl\ <nlificial. Schulz defined his from other sections distributed in tlu» Northern
seclions primarily on ihe presence or absence of Hemisphere. With our molecular data il is difficult
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U) (lis(in<;uisli possible, relativrly rcci'iil Soulli- but also among sections with oilier ^eograpliical

N(Hth migration events (from South Anu^riea to the centers of dislribulion, e.g.. North America. Ilurope

North) from the earlier North-South migration route. (Kurasia). and the su])antarctie. A case in [toint is

Howev<T, in this case some morphologicallv denned the South Arnt^iean Draha nuigellanicd hom Ar-

s[)ecies shouUl have a mucli wider distribution genlina (sect, hnuodrahd, XIV), wliicli has a chlo-

range, which is not the case. roplast t\pe (clade C, Fig. 4) not found within ihe

A few s{)ecies from exclusively South and Cen- remaining sp<n-ies of this section (e.g., 1). duhiu

tral American sections fall within other clades. For within trnl. clade D). Two other specie.^ from Ar-

example, DkiIhi helldnlii (ace. no. 7) of section gentina {I). Jiiniciilosa. ace. no. 3."^. and I), ningi'l-

Chiuuacij!:ong)le hAo\\^'> U) \\\v ITS clade II. where- lanua, ace. no. 41) have chloroplast typ(^s F and

as both D. scopulornm (ace. no. 47) of section C. respectively.

Rhdhdodrahd and D. gilliesii (ace. no. \\\) o( sec-

tion (Ailodrnhd behuig to clade IV.

Some level of congnumce was (ound when com-

A It hough one might argue that in

achitne a better understanding^ ol tlu

order to

lional' SCI

classificalion within Dralxi, more analyses are

paring the ITS clustering of Eur(»p(^an Dnihd with nced(ML (^s|>ecially from the sections nol included

[\\v. sectional classification of SchnIz (1927, 19;56). in tln' present study, it is safe t(» conclude thai our

molecular data ch^arlv show that die cornentional

sectional classification o{ Dndxi as conceixed bv

em wei'c assigned U)

Schul/ (1027. lO.'Jf)) is an artificial one.

Ta\a comprising the ITS clade III

sections Aizopsis, e.g., D. aizoidcs. and Lcucodrcdja.

e.g., D, lomrntosd. These s(M-tions are primarily

Eurasian. Intt^reslingly, I), Junicidosa (ace no. 'Xlj

(alls within this ITS clade, but the extremelv h»ng cnnoMOSOMKNl MUKU. POLVn.oiDY. \M»

branch (more than twice long(M- than tlu^ maximiun

distanct^ found within the total ingroup) that sets it

off from the remaining European taxa indicates that

its ITS t\pe has considerably diverg(Ml. 'V\us j)artic-

\iM>\n\is

Hecause tlu' prt^sent study is based on lutbarium

niat<Mial, no chromosome (*ounts wen* made bom

ular subantarctic species comj)rises the monotvpic the plants investigated. llowe\(M-. se\eia! chromo-

section fJnodnd)d. some c(tunts are available froni the lileralure (Table

A <-oinparison of Schnlz's (1927. 19:^6) .sectional 4|. From this, it seems likel) that the !)as<' chr(»-

classification with the present moh-cular study re- nioMnn<' nnmbei for Didhd is .v = 8. This is also

veals diat section Tonioslimd (XVLTable2), which the base chromosome number for sister Funtpean

corresitonds to the ITS clade 1 (Fig. 2) and //7/E genera Afdhis and Auhrietd (Fig. 1). (dnomosome

clade A (Fig. 1), is the most clearly su|)porti'd. data demonstrate the existence of (hploid, triploid,

Schuiz (1927. 1936) and all Euro[»ean laxonomic tcIra[)l(Hd, pcntaploid, hexaploid, ocl(»ploi(h and

8 (Tal 4). Highertreatments maintained KrophUd as a dislinct genus decaploi<l taxa based on x

that is closely related [o Dndxi. However, the pre- <'hromosome numbers (2// ^ 112) have beei 1 re-

sent nS data show that it is Ix'tliM- integrated into

Drahd, and these results suppori th<' \ iew h(dd by ica (sect, h'licddrdlxi).

ported for I). Ificcrta (ace-, no. 65) from North Amer-

most North American botanists (e.g.. Fernald, Hie wcll-<lc(ined clade I (ITS data), or' ((rrt*-

]9:\k M-Shehbaz. 1987; Rollins. 1993). The only spondirrg clade A (/r//L data), conr|)ri.sirrg I), runci-

morpliological difference between Kroplida and Jolia (diploid, ace. no. 61). /). pldlycarpd (tetra-

Drahd is the presence of bifid petals in Erophdd |)toid. ace. no. 69), D. rcptdus (diph»id and

rather than entire to deeply lobed ones in Dndxi tetiaploid. ace. no. 72). and D. drdhoidcs (no c(nrnt

(Al-Shehbaz, 1987). for chrotnosctme number, ace. no. 81), inchrded dip-

In conclnsion, our Trndings do not provide much l()id and letra|»l(Hd siiecies (Table 4). In summary.

support for Schulzs (1927, I9;56) sectiorral classi- thi; s cratre (wi'Il defined as sect. Tddioslinid, W1)

rication. although they suggest some species ten- com])rises mosti) diploid species (as krrown s(» far).

lativ<'ly correspond to a few of his sections. How- and also r-e|H<\sents an ancestral chuh* to all re-

maining^ Dndid. This findin^i will need hirtlu'r in-

I

ever; several taxa {D. pcnncU-liazcnii, I), rositdc, D.

farsctididcs. I). Ju/uculosd. D. scdpiddnun. /A hvl-

Icridfid, I). oligospcrnuL atid D. sircpiocarpd, acc".

nos. ;5, 14, ;5E 33, 47, S4, 68>, 73. r-espectivel>),

which fall into different cladt^s when the ITS- and asian Dndxi. The consecjuence is the rtHognilion of

r> r-

\estigatioii because sc^ction Tomost'uud is resti'ictcf

to North and South America, and it is hard to be-

lieve that these taxa served as ancestor-s for Em-

//7/F-derived phylogenies were com[)ar(^d, indicate

extt^nsive cross relationshi{)s nol only among taxa

of primarily South and Central American sections.

genus

ishcd).

Ton)(>sllfnd (Price & Al-Shehbaz. nn])ul)-

The ITS data Indicate a lubrid orij^in \oy Didhd
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rdfiiosisslftui (clade V, ace*, no. 76. Fig. 2), a spocic^s and HallislxTgcr (1 W9|)), sonic of lliein very close

reporled to he ilij>Ioid (Tahlc I). As ouliint^d before, to D. alzoidcs, accession nuniher 107 (DA2. UA3,
direct ITS se(|upncc c(»nij)arisnns dcin(»nslrated that DA9, r)y\6, DAH, Widincr vK Baltisberger, 1990|>),

ITS typos from clade V most likely evolved from separated hy a maximum of seven mutations (in this

ancestral ITS t}pes of clades \T and l\'. Tlici-cfore, analysis corresj)onding to clade B, Fig. 5), and one

in /). nirnosissinjd sprciation via hyhridi/ation nuisl plastome typ<* ('^'^~j ^^^i^ separa1(Ml from Draba ai-

have taken [)lacc at the diphnd levt^l and <inly di|)- zoides, ace. no. 108, by two mutations. All sam[)les

loid parental laxa could have served as pntgtMiitors. analyzed In \\ idmer and Ballishergcr (19991)) orig-

Another diphtid, D, hcllcriana (ace. no. 54) has an inaled from the Swiss Al[)s and demonslrale the

ITS type corresponding to clade ITT (Figs. 2, 3, 6) enormous plastonu- variation even within one taxon

and a plastome type to cla<l(^ C (Figs. l~f)). This (Draha aizoldcs) from a restricted area. ITS se-

incongruency could be Ix'st c\[)lained b\ gene flow (pience variation among /A fn*::o/V/e.s accessiinis (Fig.

between different groups (»f taxa. thus iiidicating 2) is much lower, and nil A aiznirirs accessions

another h}brid speciation al tlu^ diploid level. K\- analyzed liercin confined to one grou[> williin ITS

eepi for D. cuneifalid and /). rqtta/is from section clade ITT. In this group we also found one D. ladina

Tomostimd and /). hrllrriana and /). nunosissima

from seclion Plnllodnilxi, counts for the remaining

(ace. no. 1 16); this is not unexpected, because this

taxon evolvtul b\ h\brid sjx'ciation Involving/), al-

American Dntha sp<'cies showed pcdyploidy (Table zoldes as one parental taxon (Vi idmer & Haltisber-

4). By conlrast, triploids {{), jorullcfhsis, ace. no. 56; gt^r, 1999a).

The close rclatiouslnj)s between the floras of

C(MUral Asia and western North America are w(4I

ami an aueuploid {!). ixiysDnii. |)entaploid + 2 document<'d (Parks & Weudel, 199.'?, and reftaenc-

D. i>iclicrcn^ii\ ace. no. 41). |>enlaploids {D. cms-

sijolia, ace, no. 59; /). sfrrjitocdrpa, ace. no. 7.'5),

ehnunosomes, a<'c. rut. 7!) have been reported (Ta-

ble 1), and [hcsr taxa gnuipcd to plaslidic clades

C and I) or ITS clades l\ and \ I.

es therein). The putative Bering bridge connected

Asia and North America several times throughout

the latt^ IVrtiary and Pleistocene (Parrish. 1987).

Apomixis has been docuinented iti a few sp(*ci<»s and this land bridg<^ f^robafily served as an immi-

such as Drahd icrnd or D. ulifj^ospernui (Mulligan gration route f(»r several Hrassicaceae, including

& Findlay. 1070; Mulligan. 1971, 1972, 1076: 77/A/>p/ (Payson, 1926) arnl S/m^^f/;/oTr/V/ Kareliii *!l'

Price, I0550), and it is likel) that it might be more Kirilov (Rollins, 1982). Palynctlogical analyses from

wides[)read atnttng American DkiIhi. Therefore, in the Venezuelan Andes documeul the occurrence of

Dntha apomixis might b<' ati additional mechanism Drahd in lh>locene deposits after late Pleistocene

that led to the recognition (»l several hundred, mor-

phologieally defined taxa. The occurrence of apo-

mixis has also been documented foi" other Brassi-

cact\ie, and North American A/dhis parallels the bilt'ialiiic Cited

degbu'iati(»n events (Salgado Labouriau et al..

1988).

situation in Dnihd (Bochcr, 1966; Rollins, 1983).

North American \rdhisy from which many s{)ecies

wei-e more a|tpropiiately Iransft^rred to fidecJicrd

(Fm^e & Frne, 1975; ^rhri, 1982, 1989), is a

young taxon, presumably of Pleistocene origin. This

gt^ruis exhibits n^maikalih holoi^ical.* morpnoiogicai, ecoiogi-1

Acarkiin. A.. M. Kd^hcrg, M, Kocli .X R. Sclmiidl. 2()()().

Cuiu[)aiali\(' g<Mi(>mc analysis reveals extensive coiista-

vatidu of genome organisation for Ambidopsis tludiana

anil Cdp.sclla ruhrlla. Plant J. IVZ: 5S-f)2.

Al-Slichhaz, I. A. 1087. Th<^ gen<Ta of Alysseae ((Inici-

fciac; niasslcaccac) In the Soutlicaslcru Lniled Slates.

J. Arnold Ad.or. 68: 185-2'I().

cal, and physiological diversification heading to tlu^ Anderson,]. K. X S. I. Wanvick. 1999. Chroinosoiiie nuni-

rec(»gnitiou of nuue than TiO sptn-ics, and most of her cv()lu(i(>.i iiuhc tribe Hrassiceac (Hrassicaceae): Fv-

idence from is<»zynie iimiiiIkm. PI. S}st. I'A'ol. 215: 25.S-

28r).

8ald\\iti, H. (_;., M. J. Sanderson, J. \1. Porter, M. F. Woj-

riecln)wski, C. S. Camphell Oi \1. J. Donoghne. I*>*>S.

The ITS region nf nuclear rihosonial DNA: A valuable

souu-e of evidence on au^losperni plivlogeny. Arm. Mis-

souri Hot. Card. 82: 217-277.

Baurn. U. A., K. J. Sytsnia & W C. Hoch. 1994. A phy-

logeuetic analysis nf Efiilohiuni (Onagraeeae) based ou

nuclear rilxtsonial DNA se{|ueuccs. Svst. B<tt. 19: 36.'J-

ReaiTuuK J. H., I). C. C. I)e Jong & W. P. Sloutainire. 1902.

Cluoiuosorne studies in die alpine and suhalpine floras

ol .\h'\i<-o au<l Cualeniala. \rner. j. Rot. 49: 4I-.">().

them show the trail apomixis.

As sugg(*sl(*d by the low se(|uctice divergence

values, American Drahd eithci' of the I TS (dad<' \l

(Fig. 2) or the corresponding ////L (lade F (Fig. 1)

probably arc relativ<'l) )oung taxa similar to Boetli-

erd. Coni[)arable low h'vels of mohn'ular variation

have be(*n found separating the North and South

American "Wxjcacd Moi'tich, sensu Meyer (197."i,

1979), (»r Ar»u'rica!» Thldspi F. sensu lato from their

Eurasian relati\es (Koch et al., 1993; Koch td al.,

199i5c). Contrary to this. In Furope sexeral plas-

l(»me tyjM^s from 1), aizoidrs were founil b) Wulmcr Herkulenko. A. N. 1995. neteeti\e .^tojy about one bin-
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(ear). In: J. C. \1. Den Nijs, K. Marhohl .V H. Ilinka

(editors). Plant Evolution in Dislnrhed Hahilals. Special
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